Introduction
Hydrogenated silicon carbide (SiC:H) is a versatile material due to its interesting mechanical, electrical, and optical properties. The material has been extensively studied due to potential applications in variety of fields such as mechanical protection coating [1] , an optical coating for solar cells [2] , in light emitting diodes and solar cells [3] , and in X-ray lithography masks [4] . The physical properties of SiC:H are strongly dependent on composition of Si and C in the films and hence dependent on Si and C source gases and the preparation technique employed.
A variety of preparation methods and different gases have been used to synthesize SiC:H thin films to obtain desired physical and electronic properties at low substrate temperature. These include plasma enhanced chemical vapor deposition (PE-CVD) [5] , electron cyclotron resonance CVD [6] , magnetron sputtering [7] , pulsed laser deposition (PLD) [8] , ion implantation [9] , and molecular beam epitaxy (MBE) [10] . For the source of Si precursors, usually preferred gases are silane (SiH 4 ), disilane (Si 2 H 6 ), and tetrachlorosilane (SiCl 4 ), and for the source of C precursors methane (CH 4 ), acetylene (C 2 H 2 ), propane (C 3 H 8 ), methylbenzene/toluene (C 7 H 8 ), hexane (C 6 H 14 ), methyl chloride (CH 3 Cl), carbon tetrachloride (CCl 4 ), and other gases have been used for making these films [11] . Various organometallic precursors such as tetramethylsilane [(CH 3 )4Si, TMS] [12] , methyltrichlorosilane [CH 3 SiCl 3 , MTS] [13] , and hexamethyldisilane [(CH 3 )6Si 2 , MDS] [14] have been also used as single-source system to reduce the growth temperature of SiC:H films. Among these, PE-CVD method with SiH 4 and CH 4 gas mixtures has been the most widely studied configuration to obtain SiC:H films. However, this method is subject to some drawbacks such as low carbon incorporation efficiency and a low deposition rate [15] . Hot wire chemical vapor deposition (HW-CVD) method has received considerable attention in recent years owing to its capability to synthesize SiC:H films at low substrate temperature [16, 17] at higher deposition rates. Recently, the method has been successfully employed for the synthesis of SiC:H window layers in thin film Si solar cells achieving maximum conversion efficiency of 9.6% [18] . The two major advantages of employing HW-CVD method for the synthesis of Si based alloy coatings are the absence of the deleterious electrons and ions and surface charges which avoid powder formation and second is high dissociation rate of source gases which leads to higher deposition rate. Various carbon source gases like methane (CH 4 ) [19] , monomethylsilane (SiH 3 CH 3 , MMS) [20] , acetylene (C 2 H 2 ) [21] , and so forth have been used in HW-CVD for synthesis of SiC:H thin films. These gases have shown strong influence on physical properties and morphology of the SiC:H films. So far, the HW-CVD method has not been studied extensively for the synthesis of SiC:H films using methane (CH 4 ) as carbon source gas and only few reports exist in the literature [22, 23] . It is with this motivation that we initiated the detailed study of synthesis and characterization of SiC:H films by HW-CVD method. In this paper, we report influence of deposition pressure on structural, optical, and electrical properties.
Experimental

Film Preparation.
Intrinsic hydrogenated silicon carbide (SiC:H) thin films were deposited simultaneously on corning # 7059 glass and c-Si wafers (111) in a HW-CVD system, details of which have been described elsewhere [24] . Films were prepared by using a mixture of SiH 4 and CH 4 gases (MSG). The flow rate of all the gases was kept constant while deposition pressure was varied from 200 mTorr to 500 mTorr. The substrate temperature was held constant during the deposition at desired value accurately using a thermocouple and temperature controller. Other deposition parameters are listed in Table 1 ( photo ) were measured using samples of dimension 3 cm × 1 cm deposited on glass substrate with coplanar Al electrodes 0.5 mm apart deposited by vacuum evaporation. The FTIR spectra were recorded in transmission mode by using FTIR spectrophotometer (JASCO, 6100-type A) in the range 400-4000 cm −1 . The band gap of the SiC:H films was deduced from transmittance and reflectance spectra of the films deposited on corning glass and was measured using a JASCO, V-670 UV-Visible spectrophotometer in the range 250-1100 nm. Raman spectra were recorded with a Jobin Yvon Horibra LABRAM-HR apparatus in the range 200-1200 cm −1 . The spectrometer has backscattering geometry for detection of Raman spectrum with the resolution of 1 cm −1 . The excitation source was 632.8 nm line of He-Ne laser. The power of the Raman laser was kept less than 5 mW to avoid laser induced crystallization on the films. The Xray photo-electron spectra (XPS) were recorded using a VSW ESCA instrument with a total energy resolution ∼0.9 eV fitted with an Al K source (soft X-ray source at 1486.6 eV) at base vacuum >10 −9 Torr. The XPS signal was obtained after several scans in the acquisition process. The spectra were recorded for the specific elements (Si, C, O, etc.). Low angle Xray diffraction pattern was obtained by X-ray diffractometer (Bruker D8 Advance, Germany) using Cu K line ( = 1.54Å) at a grazing angle of 1 ∘ . Thickness of films was determined by profilometer (KLA Tencor, P-16=+) and was further confirmed by UV-Visible spectroscopy using the method proposed by Swanepoel [25] .
Results and Discussion
Variation in Deposition
Rate. Films were deposited for a desired time period and the deposition rate is calculated from thickness measurement. Variation of deposition rate ( ) as a function of deposition pressure ( ) is shown in Figure 1 . As seen from the figure, the deposition rate increases from 9.4 nm/s to 15.54 nm/s when deposition pressure increases from 200 mTorr to 500 mTorr.
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Intensity (a.u.) In the present study, the temperature of hot wire, silane, and methane gas flow rates are kept constant at 2000 ∘ C, 3.5 sccm, and 25 sccm, respectively, and the deposition pressure was varied from 200 mTorr to 500 mTorr using automated throttle valve. Thus, impingement of source gases and hence film formation precursors depends on deposition pressure and is given by [26] Impingement rate = √2 ,
where is the deposition pressure, is the molecular mass, is Boltzman's constant, and is the gas temperature. Therefore, with increase in deposition pressure, the dissociation of gas molecules on hot wire increases. This increases the number of film-forming radicals. Consequently, the deposition rate increases with increase in deposition pressure. It is worth highlighting that the deposition rate obtained in the present study for SiC:H films using HW-CVD is much higher than the PE-CVD [27] , low frequency inductively coupled plasma (ICP) CVD [28] , and very recently DC saddle PE-CVD [29] grown SiC:H films.
Fourier Transform Infrared (FTIR) Spectroscopy Analysis.
The bonding configurations of the deposited thin films were investigated by the Fourier transform infrared (FTIR) spectroscopy. Figure 2 shows the thickness normalized FTIR transmission spectra of some SiC:H films deposited by HW-CVD method at different deposition pressures ( ). For clarity, the spectra have been broken horizontally into two parts, namely, between 500-1300 cm −1 and 1800-3200 cm −1 .
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As seen from the FTIR spectra, the films deposited at = 200 mTorr show the various peaks centered at
, and 2070 cm −1 corresponding to Si-H wagging or rocking [30] , Si-C stretching [31] , Si-C (stretching)/Si-CH 3 (wagging) [27, 32, 33] , C-H wagging [33, 34] and ∼668 cm −1 are merged into 780 cm −1 absorption peak and its intensity increases with increase in deposition pressure. This result suggests increase in Si-C bond density and hence carbon content in the film with increase in deposition pressure. At the same time, intensity of C-H band located at ∼1010 cm −1 drastically gets reduced and becomes weak which indicates decrease in C-H bond density with increase in deposition pressure. Furthermore, increasing the deposition pressure, C-H absorption band located in the range ∼2800-3000 cm −1 also becomes weak implying decrease in C-H bond density. The existence of vibrational modes at 1010 cm −1 and in the range 2800-3000 cm −1 in the FTIR spectra over the entire range of deposition pressure studied suggests that the C-H group has a substantial fraction in SiC:H alloys.
To determine the H content we have followed the method given by Brodsky et al. [37] . The absorption coefficient ( ) can be obtained through the Beer-Lambert law:
where is the film thickness, and are the transmittance of the film substrate and the substrate, respectively, and ( ) is the absorption coefficient at frequency ( ). The number of Si-C (N Si-C ), Si-H (N Si-H ), and C-H (N C-H ) bonds has been estimated by taking area under the curve for the respective peak using the relation [38] [39] [40] 
where the oscillator strength, , has a value of 2. [39] for Si-C, Si-H, and C-H, respectively. The merged Si-H, C-H, and Si-C bands are deconvoluted to separate out the different bonding configurations present in the films. Typical deconvoluted FTIR spectra for the film deposited at = 350 mTorr are shown in Figure 3 .
Variation of Si-C, Si-H, and C-H bond densities and total hydrogen content as a function of deposition pressure are displayed in Figure 4 . As seen from the figure, the bond density of C-H (Figure 4(c) ) decreases while Si-C and Si-H bond densities (Figures 4(a) and 4(b)) increase with increase in deposition pressure. These results suggest that at higher deposition pressure unbonded C atoms are attached to Si and at lower deposition pressure it is attached to the hydrogen. The total hydrogen content increases with increase in deposition pressure and was found <20 at.% (Figure 4(d) ). The increase in total hydrogen content can attribute to increase in Si-H bond density due to the amorphization of the films at high deposition pressure as revealed by low angle XRD and Raman measurements (discussed later).
Low Angle X-Ray Diffraction (XRD) Analysis.
Low angle XRD measurements were carried out to investigate the thin film's crystal structure. Films deposited on corning glass were used for the XRD measurements. Figure 5 displays the XRD pattern of the films deposited at various deposition pressures ( ). As seen from the XRD patterns, the films deposited at = 200 mTorr show dominant peaks located around 2 ∼ 28.4 ∘ , ∼47.3 ∘ , and ∼56.1 ∘ corresponding to the (111), (220), and (311) crystallographic planes of c-Si, respectively, indicating that these films contain nanocrystalline-Si phase. Thus, the estimated crystallite sizes ( X-ray ) of (111) orientation of the films deposited at deposition pressures 200 mTorr and 300 mTorr are 6.3 and 5.8 nm, respectively. The film deposited at = 300 mTorr, the diffraction peaks corresponding to all the crystallographic planes were found to decrease, both in intensity and sharpness. Then again films deposited at higher deposition pressures ( = 400 mTorr and 500 mTorr), all crystallographic planes disappears in the XRD pattern indicating that films are amorphous. Moreover, a broad shoulder centered at ∼38.4 ∘ and ∼42.2 ∘ is also observed in the XRD pattern for the films deposited at deposition pressures 400 mTorr and 500 mTorr, respectively. These broad shoulders are associated with 3C-SiC structure [41] . A broad hump at 2 ∼38.4
∘ in the pattern indicates SiC nanocrystals of average crystallite size ∼3 nm ingrained in the amorphous silicon carbide alloy. Therefore, it is concluded that, with increase in deposition pressure, the incorporated C atoms induce amorphization in the Si network due to local deformation caused by the carbon ad-atoms. These results are also consistent with Raman results. The increase in hydrogen content with increase in deposition pressure due to amorphization further supports this. 
Raman Spectroscopy Analysis.
Raman spectroscopy is a powerful technique for the characterization of SiC:H structures in particular, since it allows the identification of various polytypes. In addition, Raman spectral parameters such as peak position, intensity, and line-width provide useful information on the crystal quality. Figure 6 shows the Raman spectra in the range 200-1200 cm −1 of SiC:H films deposited at various deposition pressures by HW-CVD method using CH 4 as carbon source gas. The Si-C band, which is expected to be observed in the range 600-1000 cm −1 , is very weak as the Raman efficiency of the Si-C band is much smaller than that of C-C and Si-Si bands [42] . However, following observations have been made from the Raman spectra for the films deposited at different deposition pressures.
(1) The spectra clearly show that a small band centered at ∼300 cm −1 corresponds to Si-Si longitudinal optic (LO) mode and its intensity increases with increase in deposition pressure.
(2) For the film deposited at = 200 mTorr, the Raman spectrum exhibits a sharp peak centered at ∼519 cm −1 (Transverse Optic, TO) originated from the contribution of small Si nanocrystals [43] . With increase in deposition pressure the TO peak shift toward lower wavenumber and its sharpness decline. In fact, the TO peak shifts from 517 cm −1 to 484 cm −1 and its line width; that is, full width at half maximum (FWHM, Γ TO ) increases from 48 cm −1 to 98 cm −1 when deposition pressure increased from 200 mTorr to 500 mTorr. The shifting of TO peak towards lower wave number and increase in its line width indicate amorphization in Si network due to local deformation caused by the carbon atoms. These results are consistent with low angle XRD analysis.
(3) For the film deposited at = 500 mTorr, the Raman spectra show a broad peak centered at ∼485 cm −1 . This may be assigned to either SiC acoustic phonons particularly reported for smaller SiC crystallites [44] SiC (200) Si (220) Si (311) Si (111) Si ( or to TO phonon mode of a-Si:H [45] . As there was no c-Si phase in the SiC:H film observed for the films deposited at higher deposition pressures ( > 300 mTorr), broad peak centered at ∼485 cm −1 in the Raman spectra may be assigned to a-Si:H. Furthermore, the Raman spectra show a weak signal at ∼865 cm −1 , which can be attributed to Si-C bonds [46] . (4) In addition to these, Raman spectra show a broad shoulder centered at ∼672 cm −1 for the film deposited at = 400 mTorr. Chen et al. [20] have also observed the similar broad shoulder for HW-CVD deposited SiC:H films. However, the origin of this broad shoulder is still not clear.
(5) For all deposition pressures, the Raman spectra show a broad shoulder centered at ∼972 cm −1 and can be assigned to SiC longitudinal optic (LO) phonon vibrations [20] . Their intensity shows slight increasing trend with increase in deposition pressure suggesting increase in Si-C bond concentration in SiC:H films. This is consistent with FTIR spectroscopy analysis (see Figure 3 ).
(6) Another interesting feature observed in Raman spectra of our SiC:H films is the complete absence of Raman band in the region 1300-1600 cm −1 (not shown) associated with C-C bonds [47] indicating negligible C-C bond concentration over the entire range of deposition pressure studied. This result is an indicative of formation of nearly stoichiometric SiC:H thin films by HW-CVD using CH 4 carbon source gas. 
X-Ray Photoelectron Spectroscopy (XPS)
Analysis. The formation of SiC:H films using CH 4 as carbon source gas in HW-CVD was further confirmed from the X-ray photoelectron spectroscopy (XPS) measurements. Figure 7 (a) shows the XPS wide scan of HW-CVD deposited SiC:H film prepared at = 350 mTorr. The scan shows the silicon (Si 2p and Si 2s), carbon (C 1s), and oxygen (O 1s) peaks. The oxygen peak originates due to adsorbed oxygen and surface oxidation of the film. The oxygen was found to be incorporated in SiC:H films prepared at even lower base pressure than the pressure employed for the XPS measurements [21] . Figures 7(b)-7(d) show typical narrow scan deconvoluted XPS spectra of the Si (2p), C (1s), and oxygen O (1s) electron state, respectively. The spectrum has been decomposed into several peaks based on the assumption that each peak consists of the Gaussian/ Lorentzian sum function. The Si (2p) peak (96 eV-106 eV) was deconvoluted into the Si-Si, Si-C, and Si-O peaks [48] . The C (1s) peak (280 eV-292 eV) was deconvoluted into the C-Si, C-C, C-OH, and C=O peaks [49] . The O (1s) peak (530 eV-537 eV) was deconvoluted into O-Si, O-CH, O=C, and O-O peaks. All films show essentially the same peak components, but with different relative intensities and compositions. The energy positions [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] of these peaks are listed in Table 2 . The Si (2p) peak could be fitted with three peaks due to Si-C at 100.5 eV, Si-Si/Si:H at 99.2 eV, and Si-O at 103.2 eV, respectively. The peak at 283.2 eV is due to the carbon atoms in C-Si bonds and the peak at 284.6 eV and 286.4 eV corresponds to carbon atoms having graphitic and diamond bonding. As Si-Si/Si:H and C-C/C-H peak energy positions are very close to each other, more detailed deconvolutions are not able at the present stage of the precision in the measurement of XPS spectra. The atomic concentration for the film deposited at has been estimated and found to be 46%, 41%, and 8.3%, for silicon, carbon, and oxygen, respectively. However, it is interesting to note that we have successfully grown the SiC:H films using HW-CVD from methane as carbon source gas. This is important from technology point of view.
UV-Visible Spectroscopy Analysis.
The optical properties of the HW-CVD grown SiC:H films at various deposition pressures were investigated from UV-visible spectroscopy. The nature of transition involved (direct or indirect) during the optical absorption process can be determined by studying the dependence of absorption coefficient on the incident photon energy using the Tauc equation [58] : where ℎ] is the photon energy and and are constants. The exponent depends upon the type of transition and has value of 2 and 1/2 for indirect and direct transition, respectively. It is well known that SiC:H is the direct gap semiconductor, so = 2 can be used to determine the band gaps of SiC:H films. The Urbach energy was extracted from exponential tail region in which the absorption coefficient ( ) follows the exponential decay with photon energy (ℎ]) as
where is a constant and is the Urbach energy that characterizes the exponential slope of the energy dependence. Figure 8 shows the dependence of band gap and Urbach energy on deposition pressure ( ).
As seen from the figure, the band gap increases from 1.95 eV to 2.61 eV when deposition pressure varied from 200 mTorr to 500 mTorr. The main factors that affect the band gap of SiC:H films are the C to Si ratio, the amount of hydrogen, and crystalline fraction [59] . Increase in band gap may be due to increase in total hydrogen and carbon content in the film with increase in deposition pressure. The FTIR spectroscopy further supports this. Our FTIR spectroscopy analysis shows increase in hydrogen and carbon content in the films with increase in deposition pressure (see Figures 3(a) and 3(d) ). As a result, the band gap increases with increase in deposition pressure. The Urbach energy decreases from 307 meV to 93 meV when deposition pressure increased from 200 mTorr to 350 mTorr. Further, increase in deposition pressure upto 500 mTorr, the Urbach energy again increase. These values are much higher than the Urbach energy values obtained for device quality a-Si 1− C films deposited by PE-CVD [60] and ECR-PE-CVD [61] . The high value of Urbach energy suggests increased structural disorder in HW-CVD grown SiC:H films resulting from alloying of Si with C. Figure 9 demonstrates the variation of dark conductivity ( dark ) and its charge carrier activation energy ( act ) and photoconductivity ( Photo ) as a function of the deposition pressure.
Electrical Properties.
It can be seen from the figure that the dark conductivity decreases from 3.6 × 10 −7 S/cm to 7.1 × 10 −10 S/cm when deposition pressure increases from 200 mTorr to 500 mTorr.
The charge carrier activation energy values show a reverse trend. It increases from 0.24 eV to 0.5 eV as deposition pressure increases from 200 mTorr to 500 mTorr. However, the photoconductivity remains almost constant at ∼10 −7 S/cm over the entire range of deposition pressure studied. As a result, the photosensitivity, taken as the ratio of photoconductivity to dark conductivity ( Photo / dark ), increases from 1 to 10 3 when deposition pressure increases from 200 mTorr to 500 mTorr. We attribute that enhancement in photosensitivity gain is due to amorphization in SiC:H films with increasing deposition pressure. The c-Si:H/nc-Si:H films prepared by different methods show high dark conductivity and negligible photosensitivity gain depending upon the crystallite size and its volume fraction [62] . The X-ray diffraction ( Figure 5 ) and Raman spectroscopy analysis ( Figure 6 ) support this conjecture. This inference is further strengthened by the observed variation in deposition rate with deposition pressure ( Figure 1 ) since lower deposition rate is more favorable to the formation of crystallites in the film structure [63] .
Conclusions
In this work, SiC:H films have been fabricated by HW-CVD using the mixture of SiH 4 and CH 4 at low substrate temperature (250 ∘ C) at reasonably high deposition rates (9.4 nm/s < < 15.54 nm/s). The structural, optical, and electrical properties of the deposited films are investigated by XRD, XPS, FTIR, Raman, and UV-Visible spectroscopy as a function of deposition pressure. The deposition pressure was varied from 200 mTorr to 500 mTorr. Formation of SiC:H films has been confirmed by FTIR, Raman, and XPS analysis. The XRD and Raman analysis revealed that with increase in deposition pressure amorphization takes place in SiC:H films. The FTIR spectroscopy analysis shows decrease in C-H bond density while Si-C and Si-H bond densities increase with increase in deposition pressure. The absence of band at ∼1300-1600 cm −1 in the Raman spectra implies negligible C-C bond concentration and formation of nearly stoichiometric SiC:H films. The band gap shows increasing trend with increase in deposition pressure. The high value of Urbach energy suggests increased structural disorder in HW-CVD grown SiC:H films resulting from alloying of Si with C. Finally, it has been concluded that CH 4 can be used as effective carbon source in HW-CVD method to prepare stoichiometric SiC:H films.
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